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a b s t r a c t
Tectonically active areas, such as forearc regions, commonly show contrasting relief, differential tectonic
uplift, variations in erosion rates, in river incision, and in channel gradient produced by ongoing tectonic
deformation. Thus, information on the tectonic activity of a deﬁned area could be derived via landscape
analysis. This study uses topography and geomorphic indices to extract signals of ongoing tectonic
deformation along the Mexican subduction forearc within the Guerrero sector. For this purpose, we use
ﬁeld data, topographical data, knickpoints, the ratio of volume to area (RVA), the stream-length gradient
index (SL), and the normalized channel steepness index (ksn).
The results of the applied landscape analysis reveal considerable variations in relief, topography and
geomorphic indices values along the Guerrero sector of the Mexican subduction zone. We argue that the
reported differences are indicative of tectonic deformation and of variations in relative tectonic uplift
along the studied forearc. A signiﬁcant drop from central and eastern parts of the study area towards the
west in values of RVA (fromw500 tow300), SL (fromw500 to ca. 400), maximum SL (fromw1500e2500
to w1000) and ksn (from w150 to w100) denotes a decrease in relative tectonic uplift in the same di-
rection. We suggest that applied geomorphic indices values and forearc topography are independent of
climate and lithology. Actual mechanisms responsible for the observed variations and inferred changes in
relative forearc tectonic uplift call for further studies that explain the physical processes that control the
forearc along strike uplift variations and that determine the rates of uplift. The proposed methodology
and results obtained through this study could prove useful to scientists who study the geomorphology of
forearc regions and active subduction zones.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In active subduction zones, ongoing tectonic deformation is the
main factor that is contributing to contrasting relief, differential
tectonic uplift, variations in erosion rates, in river incision, and in
channel gradients. Therefore, landscape analyses of such areas and
studies of drainage networks, in particular, provide insights into
current tectonic processes and their activities. Attempts to quantify
tectonic deformation from landscape analyses have beenramirez@seismo.berkeley.edu
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).
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), http://dx.doi.org/10.1016/j.performed for decades (e.g., Bull and McFadden, 1977; Rockwell
et al., 1985; Merritts and Vincent, 1989; Burbank, 1992; Burbank
and Anderson, 2001; Keller and Pinter, 2002; Wobus et al., 2006,
2010; Kirby and Whipple, 2012). Since the beginning of the twen-
tieth century, several geomorphic indices have been proposed to
estimate the extent of current tectonic processes. The rapid
development of GIS techniques and the constant advancement in
digital elevation model (DEM) quality and access provide powerful
and efﬁcient tools to compute, calculate and analyze geomorphic
indices across areas of various environments and scales (e.g., Keller
et al., 1982; Ramírez-Herrera, 1998; Kirby et al., 2003; Gürbüz and
Gürer, 2008; Arrowsmith and Zielke, 2009; Gasparini andWhipple,
2014). However, studies that use geomorphic indices to explore the
relative activity of tectonic processes in the forearc regions of active
subduction zones are limited and/or use only one or two indicesction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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et al., 2008).
In this study, we analyze landscape features (mainly drainage
networks) in the Guerrero sector of the Mexican subduction zone
(MSZ) between 99.2W and 101.2W to collect information on
tectonic deformation. The study area differs from other sectors
along the Mexican subduction zone (Ramírez-Herrera and Urrutia-
Fucugauchi, 1999; Ramírez-Herrera et al., 2011). Here, no marine
terraces, or wave-cut notches or other signs of coastal uplift are
observed, though inland uplift is evident from ﬂuvial terraces
located close to Zihuatanejo (Ramírez-Herrera and Urrutia-
Fucugauchi, 1999; Ramírez-Herrera et al., 2011). Long-term, Qua-
ternary deformation in the coastal zone has been constrained ac-
cording to paleoseismological and morphotectonic studies
(Ramírez-Herrera and Urrutia-Fucugauchi, 1999; Ramírez-Herrera
et al., 2007, 2009, 2011, 2012). Active crustal faults in this region
have also been identiﬁed (Gaidzik et al., 2016).
To extract tectonic signals, we collected ﬁeld data on the li-
thology and active faults features, topographic swath proﬁles,
longitudinal proﬁles of main rivers, and river network geomorphic
indices along the Guerrero sector of the Mexican subduction fore-
arc (Fig. 1a). We aimed to assess long-term deformation patterns of
the forearc related to the subduction of the Cocos plate beneath the
North American plate.We identiﬁed considerable differences in the
relief and topography patterns along the Guerrero sector of theMSZ
as evidenced by applied geomorphic indices that reveal variations
in relative tectonic uplift.
2. Regional setting
2.1. Geological setting
The studied sector of the Mexican subduction forearc stretches
w200 km along the Paciﬁc coast of Mexico between 99.2W and
101.2W (Fig. 1a and b). Here the oceanic lithosphere of the Cocos
plate subducts beneath the North American continental plate at
convergence rates ranging from 6.4 to 6.7 cm/yr (DeMets et al.,
2010, Figs. 1a and 2c). The central part of the study area (from ba-
sin No. 4 to the western part of basin No. 9 in Fig. 1b) is also known
as the Guerrero seismic gap. This gap has been found to have
experienced no signiﬁcant thrust earthquakes since 1911
(Anderson et al., 1989; Kostoglodov and Ponce, 1994). However, the
occurrence of intraslab thrust and shallow crustal normal seismic
events of 4 < Mw < 7 in magnitude (Fig. 2a; GCMT catalog and
Pacheco and Singh, 2010) and signiﬁcant slow slip events (e.g.,
Lowry et al., 2001; Kostoglodov et al., 2003, 2010, 2015; Franco
et al., 2005; Vergnolle et al., 2010) proves that tectonic activity
currently occurs in this area. Unrecognized crustal sub-longitudinal
strike-slip faults with normal component and normal faults sub-
parallel to the trench have been constrained by structural studies
(Gaidzik et al., 2016). Strike-slip activity in the Guerrero sector of
the MSZ related to strain partitioning occurring during the oblique
subduction of the Cocos plate, is primarily related to the most
prominent tectonic structure in this area, i.e., the La Venta Fault,
and smaller WeE faults forming en-echelon structures (Fig. 2b).Figure 1. (a) Tectonic setting of the Guerrero sector of the Mexican subduction zone (study a
EPR e East Paciﬁc Rise, small dotted black lines inland separate morphotectonic zones alon
1999; Ramírez-Herrera et al., 2011), shaded circles indicate rupture zones of the most impor
event, arrows indicate direction of convergence and convergence rate in cm/yr (DeMets et
obtained from INEGI) and bathymetry (GEBCO, 30 arc-second interval gridded bathymetric
numbers from 1 to 9 indicate studied river basins (see Table 1), fromwest to east: 1 e San Jer
8 e La Sabana, 9 e Papagayo. Line AA0 indicates trace of topographic proﬁle along the drain
indicate traces of swath proﬁles presented in Fig. 4. (c) Simpliﬁed geological map (after Cam
sites, where we veriﬁed the lithology in the ﬁeld.
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Perro segment has been conﬁrmed by GPS measurements
(Kostoglodov et al., 2015).
The coast in the study area is characterized by deltas, accumu-
lative deltaic low plains, small hills, lagoons and lakes separated
from the ocean by barrier beaches, suggesting subsidence or slow
coastal rising (Ramírez-Herrera and Urrutia-Fucugauchi, 1999;
Ramírez-Herrera et al., 2011). Coastal subsidence has been
corroborated by stratigraphic and archeological evidences (Kennett
et al., 2004; Ramírez-Herrera et al., 2007, 2009), leveling
(Kostoglodov et al., 2001) and GPS measurements (Fig. 2b;
Vergnolle et al., 2010). However, inland uplift is indicated by ﬂuvial
terraces close to Zihuatanejo in the western part of the study area
(Ramírez-Herrera and Urrutia-Fucugauchi, 1999; Ramírez-Herrera
et al., 2011).
The Guerrero sector of the Mexican subduction zone, between
Zihuatanejo and Acapulco (Fig. 1a and b) according to Ramírez-
Herrera and Urrutia-Fucugauchi (1999) and Ramírez-Herrera
et al. (2011), is located in the Guerrero morphotectonic zone and
includes rivers that drain the Sierra Madre del Sur mountain range.
The bedrock of this area is dominated by PrecambrianeCretaceous
metaigneous and metasedimentary gneiss and migmatite of the
Xolapa Complex (Herrmann et al., 1994; Ducea et al., 2004; Solari
et al., 2007; Pérez-Gutiérrez et al., 2009; Talavera-Mendoza et al.,
2013) together with Mesozoic to Cenozoic plutonic rocks, repre-
sentedmainly by granite, granodiorite, and diorite (Herrmann et al.,
1994; Schaaf et al., 1995; Ducea et al., 2004; Solari et al., 2007;
Valencia et al., 2009). In the western and northeastern parts of
the study area, Cretaceous limestone, sandstone, and Palae-
ogeneeNeogene dacite, ryolite, and andesite can also be found
(Fig. 1c; Campa Uranga et al., 1998; Carranza et al., 1999; Cruz López
et al., 2000).
2.2. Climate
The climate of the study area is sub-humid to humid and is
warm, very warm or semi-warm in mountainous areas (IG-
UNAM, 2007), with average annual temperatures ranging from
less than 20 C to more than 27 C close to the shore and average
annual precipitation rates ranging from less than 1000 mm/yr
along the coast (less than 600 mm/yr in basin No. 7) up to almost
2500 mm/yr in mountainous sections of the central and eastern
parts of the study area (basin Nos. 6, 7 and 9; Figs. 3 and 4).
Precipitation rates are strictly related to local relief; i.e., higher
rates of precipitation are correlated with higher altitudes (Figs. 3
and 4).
3. Methods and materials
In this study, we analyzed nine large drainage basins
(w15,000 km2) and their main rivers, which are perpendicular to
the trench axis (Fig. 1b). For ease of understanding we refer to each
basin by its number (from 1 to 9) (see Fig. 1b). We applied mainly
remote sensing and ﬁeld reconnaissance techniques to identify
landscapes and landforms, and particularly for the veriﬁcation ofrea marked with red rectangle): MAT eMiddle American Trench, F.Z. e Fracture zones,
g the coast of southern Mexico (according to Ramírez-Herrera and Urrutia-Fucugauchi,
tant thrust events (Ramírez-Herrera et al., 1999), and numbers indicate the year of the
al., 2010). (b) Topography of the study area (15 m resolution digital elevation model
data); LVF e La Venta Fault, APs e Agua del Perro segment, CF e Cacahuatepec Fault,
onimito, 2 e Petatlan, 3 e Coyuquilla, 4 e San Luis, 5 e Tecpan, 6 e Atoyac, 7 e Coyuca,
age divide presented in Fig. 8, whereas lines BB0 , CC0 , DD0 , EE0 , FF0, GG0 , HH0 , II0 , and JJ0
pa Uranga et al., 1998; Carranza et al., 1999; Cruz López et al., 2000). White dots show
orphic indices and relative tectonic uplift in the Guerrero sector of the
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swath proﬁles along and across the studied sector of the MSZ
forearc and geomorphic indices expressing landscape adjustment
to ongoing tectonic deformation.
3.1. Fieldwork
The aim of the ﬁeldwork was to identify landscapes and land-
forms, to verify bedrock lithology and to conduct speciﬁc assess-
ments of knickpoints. Because of the large size of the study area
(w15,000 km2), we selected speciﬁc sites for our ﬁeldwork based
on a previous analysis of available geological maps (1:250,000)
(Campa Uranga et al., 1998; Carranza et al., 1999; Cruz López et al.,
2000), satellite images (Google Earth, 2015), low ﬂight aerial pho-
tographs (1:30,000), and 15 m resolution DEMs and digitized
topographic maps (1:50,000) (obtained from INEGI). We veriﬁed
the bedrock lithology using natural outcrops in 45 sites located
mainly along trunk rivers (basin Nos. 4, 5, 6, 7, 8 and 9) (for loca-
tions, see Fig. 1c). We also conﬁrmed the locations of the selected
knickpoints and veriﬁed whether they were related to changes in
lithology or to fault presence.
3.2. Topography and geomorphic indices
To study changes in elevation, we constructed a 450-km long
topographic proﬁle along the main drainage divide (proﬁle AA0 on
Fig. 1b) and nine topographic swath proﬁles across the forearc and
perpendicular to the trench axis. We used maps of the minimum,
maximum and average elevation produced from the 15 m resolu-
tion DEM employing a 0.5 km 0.5 km grid (proﬁles from BB0 to JJ0;
Figs. 1b and 4).
To understand landscape adjustments to forearc deformation,
we used the following geomorphic indices: ratio of volume to
area (RVA; Frankel and Pazzaglia, 2005; Giaconia et al., 2012),
minimum bulk erosion (Brocklehurst and Whipple, 2002;
Giaconia et al., 2012), longitudinal stream proﬁles, knickpoints
(e.g., Kirby and Whipple, 2001, 2012; Keller and Pinter, 2002), the
stream length-gradient index (SL; Hack, 1973; Keller and Pinter,
2002), and the normalized channel steepness index (ksn;
Snyder et al., 2000; Kirby et al., 2003; Wobus et al., 2006; Kirby
and Whipple, 2012). We also used the following indices: the
hypsometric integral (HI; Strahler, 1952; Keller and Pinter, 2002),
the basin elongation ratio (Re; Schumm, 1956; Strahler, 1964; Bull
and McFadden, 1977), the basin asymmetry factor (AF; Hare and
Gardner, 1985; Keller and Pinter, 2002), the fractal dimension of
drainage patterns (FD; Mahmood and Gloaguen, 2011, 2012), and
the concavity index (q; e.g., Wobus et al., 2006; Whipple et al.,
2007). However, due to the dependence of the resulting values
on the size of the basins (HI, Re and FD) and due to a strong
correlation with lithology (q), we found that these indices do not
reﬂect relative tectonic uplift (further information on these
indices is presented in the Supplementary materials section). We
thus only present our results and analyses of the selected indices
(i.e., RVA, longitudinal stream proﬁles, knickpoints, SL and ksn),
which indeed reﬂect patterns of differential tectonic uplift in theFigure 2. (a) Seismicity in the Guerrero sector of the MSZ; black dots indicate location of th
Seismological Service catalog), red dots indicate the location of earthquake epicenters ma
1976e2015; GCMT catalog), thick red line marks the trace of the crustal La Venta Fault (LVF),
horizontal secular vectors (green arrows) with sinistral components (red arrows), paralle
Guerrero sector of the MSZ (according to Rousset et al., 2015). Black arrows indicate converg
3s error ellipses. (c) Cross-section (AA0) from the oceanic trench to drainage divide through A
prepared using the 30 arc-second interval gridded bathymetric data GEBCO for the section fr
INEGI); geometry of the subducting slab of the Cocos plate derived from hypocentral location
(2004).
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tween areal erosion and ongoing vertical deformation across the
entire river basin (i.e., RVA and minimum bulk erosion). We also
constructed longitudinal proﬁles along main rivers, identiﬁed
major knickpoints, and calculated indices describing river ad-
justments to tectonic forcing, i.e., SL and ksn. We delineated the
drainage network and watershed divides from the provided 15 m
resolution DEM using ArcGIS. Further information on the
geomorphic indices and procedures used to calculate these
values are presented in Fig. 5 and Table S1 (Supplementary
materials).
To evaluate the minimum volume of materials eroded per unit
area and to analyze the spatial distribution of potential erosion in
the study area we computed the ratio of the volume to the area
(RVA) and the minimum bulk erosion level. For this task, we applied
the “sub-ridgeline relief” method proposed by Brocklehurst and
Whipple (2002) (for further information see Fig. 5a and Table S1).
We also constructed a map showing variations in the minimum
bulk erosion expressed in the eroded-rock column (Giaconia et al.,
2012). This index allows one to discriminate highly eroded areas
from weakly eroded areas. If we exclude the signiﬁcant impacts of
precipitation and lithology, this might implicate variations in
erosion produced by differential uplift. However, it has to be noted
that this index yields only minimum values of actual erosion, as it
assumes that water divides are not affected by erosional processes
(Brocklehurst and Whipple, 2002).
The river longitudinal proﬁle, i.e., the shape, geometry, and
variation in channel gradients and the presence of knickpoints,
expresses the interaction between ﬂuvial incision, active tectonic
processes, lithological patterns, and climate and sea-level change
(e.g., Hack, 1973; Snyder et al., 2000; Kirby and Whipple, 2001,
2012; Keller and Pinter, 2002; Duvall et al., 2004; Molin et al.,
2004; Whipple, 2004; VanLaningham et al., 2006; Gürbüz et al.,
2015). We constructed river longitudinal proﬁles using the 15 m
resolution DEM provided (Fig. 5c and Table S1). Along main rivers,
we calculated indices describing changes in river gradients, i.e., the
stream-length gradient index (SL; Fig. 5b and Table S1) and the
normalized channel steepness index (ksn; Fig. 5c and Table S1).
Although the correlation between SL and ksn values and variations
in uplift/erosion have been recognized through studies conducted
at various scales and in different tectonic environments (for SL: e.g.,
Merritts and Vincent, 1989; El Hamdouni et al., 2008; Mahmood
and Gloaguen, 2012; for ksn: e.g., Kirby and Whipple, 2001;
Snyder et al., 2003; Duvall et al., 2004; Safran et al., 2005;
Ouimet et al., 2009; Cyr et al., 2010; DiBiase et al., 2010; Kirby
and Whipple, 2012; Chen et al., 2015), some studies suggest that
these indices are also sensitive to rock resistance (e.g., Merritts and
Vincent, 1989; Whipple and Tucker, 1999; Duvall et al., 2004;
VanLaningham et al., 2006; Pérez-Peña et al., 2010).
We computed SL values for each 1 km of main river length
(Fig. 5b; e.g., Nexer et al., 2015) to reinforce knickpoint identiﬁca-
tion. We used the normalized channel steepness index to deter-
mine channel steepness levels using the procedure proposed by
Wobus et al. (2006) (for further information see Fig. 5c and
Table S1). We calculated ksn values for each segment of the maine earthquake epicenters magnitude Mw > 4.0 for the time period 1998e2015 (National
gnitude Mw > 6.0, for which focal mechanism solutions are presented (time period
thick blue line shows the location of the cross-section presented in Fig. 2c (AA0). (b) GPS
l to the Middle American Trench, and vertical secular vectors (yellow arrows) in the
ence vectors (not scaled with the GPS velocity vectors). All vectors are plotted with the
capulco (for the location of the cross-section see Fig. 2a and b). Topographic proﬁle was
om the trench to the coast, and 15 m resolution DEM from coast inland (obtained from
s and gravity modeling was used after Kostoglodov et al. (1996, 2003) and Manea et al.
orphic indices and relative tectonic uplift in the Guerrero sector of the
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Figure 3. Average annual precipitation (mm/yr) in studied drainage basins. Data on the average annual precipitation (for time period 1951e2010) obtained from National
Meteorological Service.
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gitudinal proﬁles and logelog graphs of channel steepness vs.
drainage area. We assumed that these segments reﬂect differences
in tectonic forcing by showing contrasting steepness values (Chen
et al., 2015).
To detect knickpoints, we used longitudinal proﬁles and
logelog plots of gradients against drainage areas, complemented
by the analysis of SL values (see Fig. 5b and c and Table S1). We
classiﬁed these as vertical-step and slope-break knickpoints (see
Wobus et al., 2006; Kirby and Whipple, 2012 for a detailed dis-
cussion). Apart from this classiﬁcation, we also divided observed
knickpoints into mobile and anchored knickpoints based on their
spatial distributions. Anchored knickpoints are usually related to
lithological boundaries or active faults (Wobus et al., 2006; Kirby
and Whipple, 2012), and we thus identiﬁed them in the ﬁeld
and by comparing them with geological maps. Mobile knickpoints
denoting the transient perturbation of a ﬂuvial system form at the
same elevation for each river basin (Wobus et al., 2006; Kirby and
Whipple, 2012), and we thus identiﬁed them by studying the
elevation of recorded knickpoints along the Guerrero sector of the
MSZ.4. Results
4.1. Field observations
In the ﬁeld, we veriﬁed the lithology reported on available
geological maps (Campa Uranga et al., 1998; Carranza et al., 1999;
Cruz López et al., 2000) (Fig. 1c; basins Nos. 4 to 9). Metamorphic
rocks of the Xolapa Complex are usually strongly weathered with
well-developed foliation surfaces. Plutonic rocks presenting similar
levels of erodibility mainly include granite, granodiorite and dio-
rite. We recorded limestone found in a site close to the town of La
Venta in basin No. 9 (Fig. 1c). With the exception of small veins, no
volcanic rock outcrops were found. However, we observed volcanic
clasts in present-day river gravels of basin Nos. 4, 5 and 9, sug-
gesting the existence of volcanic rocks upstream.Please cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
Mexican forearc, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.In the ﬁeld we also conﬁrmed the location of seven knickpoints
along river Nos. 4, 5, 6, 7, 8 and 9 (Fig. 6a) that are not related to
changes in bedrock lithology. Knickpoints in basin Nos. 5, 6, 7 and 8
appear to be related to fault structures (normal and strike-slip
faults with normal component). The knickpoint observed in basin
No. 5 is clearly related to one of the WeE strike-slip meso-faults
with normal component. However, due to the DEM resolution
(15 m) used, this is not clear on the logelog graph of channel
steepness vs. drainage area, but is visible according to the SL values
(Fig. 7). The knickpoint observed in basin No. 9 is likely related to
the presence of a dam positioned close to the town of La Venta. As
detailed topographic maps created before the construction of the
dam are not available, we cannot exclude the possibility that this
knickpoint is actually related to the La Venta Fault and/or to sig-
niﬁcant changes in the lithology (from crystalline to sedimentary
rocks).4.2. Topography and geomorphic indices
Thew15,000 km2 study area includes nine large drainage basins
>450 km2 (Fig. 1b, Nos. 1 to 9), with main rivers of up to ca. 200 km
in length streaming into the Paciﬁc Ocean (Table 1). Maximum and
average elevation values are generally lower in the western part of
the study area (Table 1). In the western section, rivers ﬂow towards
the SSW, whereas in the central and eastern sections they shift
slightly S (Fig. 1b). The drainage network pattern can be charac-
terized as dendritic overall, with transitions to trellis or parallel
forms in the coastal section of the study area (Fig. 1b). Grid-iron
patterns characterize the drainage network of the largest basin
(No. 9) located in the eastern section of the study area. Basins in the
Guerrero sector of the MSZ are heavily to moderately elongated
perpendicular to the direction of the trench axis with the exception
of large eastern basin Nos. 7 and 9 (Fig. 1b).
4.2.1. Topographic proﬁles
The 450-km-long topographic proﬁle along the main drainage
divide from basin No.1 to basin No. 9 that sub-parallel to the trenchorphic indices and relative tectonic uplift in the Guerrero sector of the
gsf.2016.07.006
Figure 4. Swath proﬁles (for their location see Fig. 1b) showing the maximum, mean and minimum elevation (m) derived from 15-m resolution DEM using 0.5 km circular window,
and the annual average precipitation rates for time period 1951e2010, obtained from datasets from National Meteorological Service. The lithology units are shown above the
proﬁles in colors, which correspond with colors in Fig. 1c.
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Figure 5. Procedures used in this study to calculate the applied geomorphic indices: a e ratio of volume to area (RVA), b e stream-length gradient index (SL), c e normalized channel
steepness index (ksn). See also Table S1.
K. Gaidzik, M.T. Ramírez-Herrera / Geoscience Frontiers xxx (2016) 1e188axis can be divided into 3 main sections (Fig. 8): (1) a 120-km-long
section with elevations ranging from 1750 to 2700 m above the
mean sea level (amsl) and including basin Nos. 1, 2, 3, 4 and the
western part of basin No. 5; (2) a 140-km-long section (from 120 to
260 km) that includes basin Nos. 5, 6, 7, and the western part of
basin No. 9 and with signiﬁcantly higher elevation levels ranging
from 2500 m amsl to 3500 m amsl and with an abrupt decrease in
elevation in the western part of basin No. 9 (to 1800 m amsl); and
(3) a 190-km-long section with a gradually increasing elevation
level from 1400 m amsl to 2700 m amsl in basin No. 9. The tran-
sition from sector 1 to sector 2 is represented by a gradual change in
elevation, whereas sector 3 is distinguished from sector 2 by a
sharp, abrupt drop in elevation.
All swath proﬁles across the Guerrero sector of the MSZ show
elevation growth from the coast inland toward the main divide
(Fig. 4). Along with proﬁles CC0, EE0, FF0, and GG0, elevation
changes gradually, whereas along with proﬁles BB0, DD0, HH0, II0
and JJ0, elevation changes abruptly, i.e., a rapid increase in
elevation up to ca. 1500 m (HH0 proﬁle) followed by a sudden
decline. Sharp changes in elevation along the constructed proﬁles
are particularly common for eastern proﬁles (HH0, II0, and JJ0)Please cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
Mexican forearc, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.across the largest basin (No. 9). Proﬁles in the central part of the
study area (EE0, FF0 and GG0) present gradual changes in elevation.
They also reach the highest elevations (Fig. 4). Proﬁles in the
western part of the study area (proﬁles BB0, CC0, and DD0) also
show signiﬁcant elevation growth patterns that are of lower
frequency and amplitude than those observed in the eastern
section.
4.2.2. Minimum bulk erosion and the ratio of volume to area
The spatial distribution of minimum bulk erosion shows sig-
niﬁcant variations along the Guerrero sector of the MSZ forearc,
reaching its highest values of more than 1250 m in basin Nos. 5, 6
and 9 (Fig. 9). Basins located in the western part of the study area
generally show much lower index values that locally reach up to
750 m. The obtained pattern suggests that the highest levels of
erosion are found in the central and eastern parts of the study area
(basin Nos. 4, 5, 6, 7 and 9; Fig. 9), which decrease towards thewest.
The same tendency, i.e., higher erosion in the central and eastern
parts of the study area, can be observed in values of erodedmaterial
weighted by the area of the drainage basin e the ratio of volume to
area (RVA; Table 2). RVA values vary from w150 m (basin No. 8) toorphic indices and relative tectonic uplift in the Guerrero sector of the
gsf.2016.07.006
Figure 6. (a) Spatial distribution of knickpoints and ksn values for distinguished segments of trunk rivers in the Mexican subduction forearc in the Guerrero sector. ksn values were
calculated for every segment of the main rivers between knickpoints derived from the gradient against drainage area plot (see Fig. 7 for details). 1 e knickpoints conﬁrmed in the
ﬁeld, 2 e knickpoints related with crustal faults, 3 e knickpoints located at the same elevation in each basin (along the isoline 1000 m amsl), 4 e other knickpoints along trunk
rivers, 5 e drainage network, 6 e drainage divide, 7 e major crustal faults, 8 e elevation contour line (1000 m amsl). (b) Spatial distribution of knickpoints and ksn values for
segments of trunk rivers imposed on lithology (based on: Campa Uranga et al., 1998; Carranza et al., 1999; Cruz López et al., 2000). 1 e knickpoints related with lithological
boundaries, 2 e other knickpoints along trunk rivers, 3 e drainage network, 4 e drainage divide; numbers from 1 to 9 indicate studied basins.
K. Gaidzik, M.T. Ramírez-Herrera / Geoscience Frontiers xxx (2016) 1e18 9almost 600 m (basin No. 5). According to Frankel and Pazzaglia
(2005), tectonically active areas with high uplift rates and high
mean hill slope angles generate RVA values of more than 100. Thus,
all of the studied basins present higher RVA values, suggesting the
presence of high relative uplift rates.Please cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
Mexican forearc, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.4.2.3. Stream lengthegradient index (SL)
Fig. 7 presents variations in SL values calculated for each 1 km of
the trunk rivers examined in the studied drainage basins. The
resulting SL values vary greatly from 0 to more than 2000 for river
No. 9 (Fig. 7 and Table 2). However, despite such variabilities, the SLorphic indices and relative tectonic uplift in the Guerrero sector of the
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Figure 7. Left column e river longitudinal proﬁles and variations of SL values along the trunk rivers in the study area. The lithology units where the trunk ﬂows through are shown
above the longitudinal proﬁle of the trunk in colors, which correspond with colors in Fig. 1c. Right column e gradient against drainage area on a logelog plot of the trunk rivers in
the study area used to determine the ksn values for regression segments. The knickpoints along the trunk separating river segments are shown as black circles (both on long proﬁles
and gradient against area plots). Regressed segments are shown in different colors, corresponding to ksn color scale in Fig. 6b. Two different smoothing methods are shown: the
results of 250 smoothing window and 10 m resampling are in gray crosses, and the log bin average results are in gray solid squares. Numbers from 1 to 9 indicate studied basins.
K. Gaidzik, M.T. Ramírez-Herrera / Geoscience Frontiers xxx (2016) 1e1810values present relatively high levels in the study area. Extremely
high SL index values (frequently higher than 1500) were estimated
for the middle sections of rivers located in the central and eastern
parts of the Guerrero sector (basin Nos. 4 to 9; Fig. 7). Western river
of Nos. 1, 2 and 3 usually presents more even distributions of SL
values with rare and small anomalies that do not reach 1000 with
the exception of one section of river No. 1. Observed peaks in SL
values correlate well with major knickpoints recognized along the
trunk rivers (Fig. 7).Please cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
Mexican forearc, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.4.2.4. Normalized channel steepness index (ksn)
The normalized channel steepness index values found for the
main rivers in the examined basins are presented in Figs. 6 and 7
and are listed in Table 2. Each river studied presents two to ﬁve
different ksn values related to segments between major knick-
points distinguished on the logelog graph of channel gradients
against the drainage area (Fig. 7). The resulting ksn values for the
main river segments vary greatly from 60 to 340 (Fig. 6). The range
of values is consistent with estimations made for other tectonicallyorphic indices and relative tectonic uplift in the Guerrero sector of the
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Figure 7. (continued).
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et al., 2009)). We calculated the highest ksn values for the main
river and major tributaries in basin No. 9 and river No. 6 in the
central section of the study area (Figs. 6 and 7; Table 2). River Nos.
1, 3, 4, 5 and 8 are characterized by lower values of between 60 and
115 (Fig. 6).
As noted above, ksn values vary greatly among rivers in the
Guerrero sector of the MSZ forearc. However, we also found abrupt
changes in ksn values between river segments. For river No. 7 and
for main rivers in basin No. 9, ksn values of some steeper segmentsTable 1
Main morphometric parameters of studied drainage basins, Guerrero sector of the MSZ.
No Basin name Area (km2) Maximum elevation
(m amsl)
Average eleva
(m amsl)
1 San Jeronimito 833.0 2540 671.9
2 Petatlan 554.2 2560 840.5
3 Coyuquilla 601.7 2680 686.6
4 San Luis 1075.2 2760 754.8
5 Tecpan 1344.6 3040 932.3
6 Atoyac 884.5 3329 911.0
7 Coyuca 1316.3 3526 845.1
8 La Sabana 466.0 2260 493.8
9 Papagayo 7463.2 3323 1112.4
Please cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
Mexican forearc, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.are more than 3 times the ksn values of gentler segments. For other
rivers, some ksn segment values are twice the value of others. This
indicates that the rivers in the studied forearc have not remained
relatively stable overtime. Such high variations in the normalized
channel steepness index can be a result of tectonic forcing and of
contrasting lithology, climate and/or sea-level changes.
4.2.5. Knickpoints
Based on longitudinal proﬁles, logelog graphs of channel gra-
dients against drainage areas, ﬁeld studies and analyses of SLFor location of drainage basins see Fig. 1b.
tion Maximum
slope ()
Average
slope ()
Length of the trunk
river (km)
Mean slope of
the river ()
85.7 17.6 75.4 2.5
62.3 18.9 66.6 2.9
74.9 19.4 78.5 2.8
63.8 16.4 82.8 2.7
79.1 20.4 86.0 1.8
66.3 19.3 78.9 2.9
69.3 18.5 99.4 3.1
68.9 9.9 55.4 2.0
73.5 20.2 183.5 1.4
orphic indices and relative tectonic uplift in the Guerrero sector of the
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Figure 8. Topographic proﬁle (AA0) along the main drainage divide from basin No. 1 to basin No. 9 (for the trace of the proﬁle see Fig. 1b) with lithological units presented below the
proﬁle, numbers indicate studied drainage basins (see Fig. 1b and Table 1).
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Guerrero sector of the MSZ (Fig. 6). The absence of smooth proﬁles
without knickpoints found suggests that the rivers in the study area
occupy a state of transient non-equilibrium. We identiﬁed two
morphologies of recorded knickpoints using the slope-area plot
(Fig. 7): vertical-step knickpoints and slope-break knickpoints (e.g.,
Haviv et al., 2010; Whipple et al., 2011; Kirby and Whipple, 2012).
Vertical-step knickpoints, commonly considered a product of base
level changes (Wobus et al., 2006; Kirby and Whipple, 2012), pre-
dominate in the study area. Slope-break knickpoints are much
rarer. We found these only along trunk river Nos. 1, 2, 5, 6 and 7.
By analyzing the elevation of knickpoints in each basin, we
found a group of vertical-step knickpoints, with the exception of
basin No. 1 located at an elevation of ca. 1000 m amsl (Fig. 6a). As
noted in Section 4.1, knickpoints observed in the ﬁeld in the middle
and lower sections of the main streams are related to normal and
strike-slip faults with normal component (Fig. 6a).
5. Discussion
5.1. Nontectonic factors and geomorphic indices
Applied geomorphic indices reﬂect landscape adjustments
(particularly in the river network) to ongoing tectonic deformation,
contrasting lithology, and base-level changes that could be related to
tectonic processes or climate variations (e.g., Lifton and Chase, 1992;
Whipple and Tucker, 1999; Burbank and Anderson, 2001; Keller and
Pinter, 2002; Tucker and Whipple, 2002; Duvall et al., 2004;
Whipple, 2004; Safran et al., 2005; VanLaningham et al., 2006;
Wobus et al., 2006; Kirby and Whipple, 2012; Whittaker, 2012;
Gasparini and Whipple, 2014; Gürbüz et al., 2015). We therefore
discuss the potential inﬂuence of other factors on the geomorphic
indices values below.
5.1.1. Lithology
Contrasting lithology, which leads to differences in rock erod-
ibility, might affect topography and geomorphic indices, especially
those reﬂecting variations in channel gradients, and thus river in-
cisions, i.e., SL and ksn, and those referring to differential erosion:
RVA and minimum bulk erosion (Whipple and Tucker, 1999; Tucker
andWhipple, 2002; Duvall et al., 2004; VanLaningham et al., 2006;
Kirby andWhipple, 2012). Furthermore, locations of knickpoint can
be strictly related to lithological boundaries, i.e., anchoredPlease cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
Mexican forearc, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.knickpoints are commonly associated with lithological contacts
(Wobus et al., 2006; Kirby and Whipple, 2012). We determined the
potential impact of lithology on the calculated indices by
comparing the obtained results with lithological maps veriﬁed in
the ﬁeld (Campa Uranga et al., 1998; Carranza et al., 1999; Cruz
López et al., 2000).
Variations in elevation observed along the studied forearc
appear to form independent of lithology. For example, sectors 1 and
2 presenting signiﬁcantly different elevations show similar lithol-
ogy (Fig. 8). An abrupt drop in elevation noted in basin No. 9 (Fig. 8)
could be related to the presence of sedimentary rocks, which are
weaker than predominant crystalline rocks in the rest of the study
area. However, proﬁles across the forearc (proﬁles II0 and JJ0; Fig. 4)
reveal that sedimentary rocks in fact produce the highest elevations
in basin No. 9, whereas plutonic rocks form lower areas. In central
basins, the same plutonic rocks underlie the highest peaks. In
addition, topographic proﬁles from the coast to inland areas (Fig. 4)
do not seem to reﬂect changes in lithology.
We did not ﬁnd a signiﬁcant correlation between lithology and
minimum bulk erosion (Figs. 1c and 9). We found anomalously high
values of this index for every type of rock: plutonic (basin Nos. 5, 6,
7 and 9), metamorphic (mainly basin Nos. 7 and 9), sedimentary
and volcanic (northern and eastern parts of basin No. 9 and
northern areas of basin No. 6).
Variations in lithology may inﬂuence SL values when rivers ﬂow
over various rock units presenting different levels of resistance
(Hack, 1973; Alipoor et al., 2011). Thus, to study the potential effects
of this factor, we imposed lithological units on the resulting SL
values (Fig. 7). Locations of anomalously high SL values (values
signiﬁcantly higher than the average, producing well-marked
peaks) do not coincide with boundaries between units of con-
trasting lithology. The only exception is the extremely high SL value
found in basin No. 9, which coincides with contact between crys-
talline and sedimentary rocks ca. 80 km from the coast (Fig. 7).
However, this anomaly is related to the dam located close to the
town of La Venta and/or to activity in the La Venta Fault rather than
to lithological contact, although we cannot exclude the inﬂuence of
all of the mentioned factors. Therefore, the observed SL anomalies
are strictly related to active tectonic processes and not to litho-
logical changes.
An analysis of ksn patterns imposed on the lithological map
shows that the ksn values are not correlated with differences in rock
type, and they vary greatly within the same rock type (Fig. 6b).orphic indices and relative tectonic uplift in the Guerrero sector of the
gsf.2016.07.006
Figure 9. Spatial distribution of minimum bulk erosion in the Guerrero sector of the MSZ.
K. Gaidzik, M.T. Ramírez-Herrera / Geoscience Frontiers xxx (2016) 1e18 13Therefore, the different values of ksn indeed reﬂect the effects of
varying tectonic forcing processes. Similar degrees of independence
for the normalized channel steepness index on lithology have been
observed in other areas with high uplift rates (e.g., Kirby et al.,
2003; Ouimet et al., 2009; DiBiase et al., 2010; Kirby and Ouimet,
2011; Gasparini and Whipple, 2014; Chen et al., 2015). Hence, we
suggest that the high ksn values calculated for river Nos. 3, 4, 6, 7
and 9 denote the presence of relatively high uplift in these basins.
By comparing the spatial distribution of knickpoints with
geological maps, we found that only two knickpoints in basin No. 9
are located within or around (to 0.5 km) lithological boundaries,
suggesting their relation to changes in rock resistance (Fig. 6b). All
of the other knickpoints recorded do not seem to be related to
changes in lithology.
5.1.2. Climate and base-level changes
Spatial or temporal climate changes, especially variations in
precipitation, can affect the values of the applied geomorphicTable 2
Values of applied geomorphic indices calculated for nine drainage basins on the
Mexican subduction forearc in the Guerrero sector. For location of drainage basins
see Fig. 1b.
No Geomorphic
index
RVA Mean SLa Maximum
SL
Mean ksna Variations in
ksn values
Basin name
1 San Jeronimito 308 382  25.7 1064 115  18.2 116; 110; 58.7
2 Petatlan 292 366  19.7 800 117  36.0 150; 78.1
3 Coyuquilla 377 505  33.0 980 103  3.5 114; 107
4 San Luis 504 559  38.4 1602 132  6.8 88.5; 87.8;
111; 79.3
5 Tecpan 578 455  35.4 1482 92  10.2 88.3; 116;
72.2; 73.2
6 Atoyac 494 471  38.1 1427 150  26.9 193; 145; 99.7
7 Coyuca 385 603  40.6 2095 155  16.1 131; 144; 122;
147; 58.8
8 La Sabana 132 326  34 1103 81  8.1 72.1; 89
9 Papagayo 488 414  58.1 2670 100  37.5 193; 65; 109
a Mean values of SL and ksn with 1 standard error calculated as 1s/ON, where s is
the standard deviation, and N is the number of data points.
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responsible for the formation of knickpoints (e.g., Whipple, 2009;
Whittaker, 2012). In the Guerrero sector of the MSZ, as noted in
Section 2.2, climatic conditions are similar for all basins; only
changes related to elevation variations occur, but these apply to all
basins (Figs. 3 and 4). Hence, when current climates have a sig-
niﬁcant impact on calculated indices (especially those reﬂecting
river incisions), we would expect to observe gradual changes in
their values perpendicular to the trench axis, mimicking the pre-
cipitation decrease from the main drainage divide towards the
coast. We did not ﬁnd such correlation in SL or ksn values along the
studied rivers. Furthermore, the spatial distribution of minimum
bulk erosion seems to be independent of variations in precipitation
(compare Figs. 3 and 9). Therefore, current climatic patterns do not
signiﬁcantly affect the values of applied geomorphic indices.
Base-level changes that are either related to tectonic processes
or climate variations can be transmitted to the river proﬁles of all of
the studied basins. If such perturbation were to occur, we would
expect to observe a set of mobile knickpoints in each basin at
comparable elevations (Merritts et al., 1994; Niemann et al., 2001;
Crosby andWhipple, 2006; Wobus et al., 2006; Kirby andWhipple,
2012; DiBiase et al., 2015). From the spatial distribution of the
recorded knickpoints, we identiﬁed one transient wave
(1000 m amsl) of incision propagating through the system that
could denote the occurrence of such an event (Fig. 6a). Moreover,
knickpoints that occur at this elevation in each studied basin, with
the exception of basin No. 1, were identiﬁed as vertical-step mobile
knickpoints that are commonly considered a product of changes in
base level (Wobus et al., 2006; Kirby andWhipple, 2012). Base-level
changes could be related to either tectonic or Quaternary variations
in sea level (e.g., sea level falling w120 m below the present sea
level ca. 30 ky) (Pillans et al., 1998; Peltier et al., 2015). However, to
verify whether this sea level drop could be responsible for the
observed transient wave of incision, well-constrained knickpoint
migration rates are needed (e.g., Crosby and Whipple, 2006; Loget
and Van Den Driessche, 2009; Mackey et al., 2014; DiBiase et al.,
2015). If we assume that knickpoints at similar elevations are a
transient wave of incision and consequently the product of notedorphic indices and relative tectonic uplift in the Guerrero sector of the
gsf.2016.07.006
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estimated knickpoint migration rates would be ca. 2 to 10 m/yr.
These rates agree with values estimated for active orogens in other
regions (e.g., Crosby and Whipple, 2006; Loget and Van Den
Driessche, 2009).
5.2. Tectonics and geomorphic indices
As noted above (Section 5.1), the observed changes in topog-
raphy along the MSZ forearc within the Guerrero sector and vari-
ations in values of applied geomorphic indices (RVA, AF, SL, ksn)
cannot be explained by lithological or climatic patterns. Thus, the
observed differences in landscape along the studied forearc reﬂect
differences in tectonic deformation, i.e., differential relative tec-
tonic uplift.
The systematic decrease in elevation, minimum bulk erosion,
and stream-length gradient index towards the west may represent
a decrease in relative uplift in that direction (Figs. 7e9 and
Tables 1 and 2). A spatial distribution of the normalized channel
steepness index shows similar patterns, i.e., higher values of river
segments in central and eastern parts of the study area (basin Nos.
6, 7 and 9) suggest higher relative uplift. However, this is not
straightforward, as high ksn value was also recorded for a short
river segment in basin No. 2 (Figs. 6 and 7). After further exami-
nation, we excluded basin No. 8, which presents considerably
lower values of applied geomorphic indices due to its location,
small area and because it is the only basin that does not reach the
main water divide. A general trend of elevation following the
shape of the orogen adjusted to the recent tectonic forcing can be
observed. As we have already excluded the potentially signiﬁcant
inﬂuence of lithological and climatic patterns, observed changes in
elevation reﬂect differences in relative uplift within the study area.
Indeed, topographical features and values of geomorphic indices
(SL and ksn) calculated for basins in the western part of the study
area (basin Nos. 1e3) suggest relatively lower uplift levels. Inferred
relative lower relief, and thus lower uplift, is also corroborated by
signiﬁcantly lower values of minimum bulk erosion in this area
(see Fig. 9). The center of the study area appears to experience the
highest levels of relative tectonic uplift corroborated by the high
values of mean and maximum elevation, RVA, SL, and ksn (Table 2).
Geomorphic indices values for the largest basin (No. 9), which is
located in the eastern part of the study area, also suggest high
levels of relative uplift even though the elevation varies consid-
erably in this area.
The inferred decrease in relative uplift towards the west con-
tradicts the elongation of the studied basins (see the
Supplementary materials section). Calculated values of the basin
elongation ratio (Re) show that basins 1e3 are more elongated
than those in the central and eastern parts of the study area,
suggesting actively uplifting landscapes associated with high relief
and steep slopes (Schumm, 1956; Strahler, 1964; Bull and
McFadden, 1977; Molin et al., 2004), whereas other indices
examined in this study suggest lower relative uplift patterns for
these basins. However, we argue that the resultant values of the
elongation ratio, which are commonly associated with differences
in uplift, are strictly related to the size of the studied basins. We
found a very strong positive correlation between Re values and the
area of a basin (Pearson correlation coefﬁcient, R ¼ 0.92) and an
even stronger correlation with trunk river length (R ¼ 0.96). Thus,
the smaller the area of a basin or the shorter a trunk river is, the
more elongated the basin. On the other hand, the larger the area,
the more circular the basin is. Strong size-dependence of Re values
has already been reported for other areas, e.g., NW Himalayas of
India (Jamieson et al., 2004; Singh and Jain, 2009) and the Loess
Plateau of China (Zhang et al., 2015). As noted by Singh and JainPlease cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
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elongation.
We found similar basin size dependence results for fractal di-
mensions of drainage patterns (R ¼ 0.90). Thus, in the study area,
the complexity of a drainage pattern in a watershed is not related
to differences in tectonic activity as suggested by Mahmood and
Gloaguen (2011, 2012), but is instead related to the area of a
drainage basin (see the Supplementary materials section for
further information). We also show that the asymmetry factor is
not useful in determining differential uplift in the examine forearc
region (for further information, see the Supplementary materials
section).
Knickpoints could serve as good indicators of active structures
as proven in the Himalayas (e.g., Wobus et al., 2005), Tibetan
Plateau (e.g., Kirby et al., 2003; Kirby and Ouimet, 2011), Japan
forearc (e.g., Hayakawa and Oguchi, 2009; Regalla et al., 2013), etc.
Therefore, knickpoints coinciding with the trace of the La Venta
Fault (LVF) on basin Nos. 5, 6, 7 and 9might be indicators of tectonic
activity. Moreover, the spatial distribution of knickpoints, i.e., clear
knickpoints in the central and eastern regions of the LVF and absent
or small knickpoints in the western regions (basin Nos. 4 and 5),
reﬂects the kinematics of the fault. The La Venta Fault is a strike-slip
fault with normal component. The relationship between vertical
and strike-slip components changes along the strike. According to
our ﬁeld studies, further west, the vertical component decreases
(Gaidzik et al., 2016). In basin No. 4, the vertical component is
insigniﬁcant, and strike-slip activity thus offsets the river but
cannot produce a knickpoint. A minor knickpoint in basin No. 5 is
likely also related to the decrease in the vertical component of the
La Venta Fault to the west.5.3. Comparisons with other forearc sectors of the MSZ and with
forearc regions worldwide
5.3.1. Forearc regions worldwide
The results of this study suggest differences in relief and topo-
graphical features in the Guerrero sector of the MSZ forearc as a
consequence of differential tectonic uplift. This situation is not
exceptional among other forearc regions. Around the world, dif-
ferences in the morphologies of terrestrial forearcs along active
subduction zones at different scales resulting from relative differ-
ential uplift have been identiﬁed, e.g., the Chilean subduction zone
(Rehak et al., 2008; Melnick et al., 2009), the Cascadian subduction
zone (Kobor and Roering, 2004; VanLaningham et al., 2006), the
Costa Rican subduction zone (McCann and Habermann, 1989;
Gardner et al., 1992; Marshall and Anderson, 1995; Fisher et al.,
1998; Hampel et al., 2004; Espurt et al., 2007; Morell, 2016), and
the Vanuatu subduction zone (Taylor et al., 1987).
The actual mechanism responsible for the observed variations in
topography and values of applied geomorphic indices and thus for
the inferred differences in relative forearc tectonic uplift in the
study area is unknown. For each speciﬁc location, local conditions
must be studied carefully to derive information on the physical
processes that could be responsible for the differences in relative
tectonic uplift. The observed changes in forearc topography have
been related to:
(1) Variations in plate-convergence rates (Clift et al., 2003;Melnick
et al., 2006). Along the studied section of the Mexican sub-
duction zone, convergence rates decreasewestward from 6.4 to
6.7 cm/yr (Fig. 1a; DeMets et al., 2010). Though minor, the
variation in the convergence rate agrees with the inferred
decrease in relative tectonic uplift and could thus contribute to
observed differences in topography.orphic indices and relative tectonic uplift in the Guerrero sector of the
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et al., 2008). Available data do not show any changes in the
geometry of the subducting slab interface in the studied sector
of the MSZ (e.g., Pérez-Campos et al., 2008). Thus, we can
disregard its inﬂuence on variations in relative uplift.
(3) Subducting slab roughness (Morell, 2016), i.e., aseismic ridges,
fracture zones and/or seamounts (McCann and Habermann,
1989; Gardner et al., 1992; Fisher et al., 1998; Hampel et al.,
2004; Espurt et al., 2007). We did not ﬁnd large-scale fea-
tures of the subducting plate, i.e., fracture zones or aseismic
ridges, in the studied sector of the MSZ (see Fig. 1a). Seamounts
potentially could generate differential uplift in the study area;
however, future studies that use detailed bathymetry must be
conducted to verify this possibility.
(4) Inherited upper-plate structures, crustal active faults and dif-
ferential deformations related to strain partitioning in oblique
subduction zones (Taylor et al., 1987; Rehak et al., 2008;
Melnick et al., 2009). The oblique subduction of the Cocos
plate beneath the North American plate results in strain par-
titioning accommodated by crustal strike-slip faults with ver-
tical component that are sub-parallel to the trench (e.g., La
Venta Fault) (Fig. 1b). However, the activity of these structures
might produce differences across the forearc and not along it.
(5) Rupture segments of large megathrust earthquakes (Taylor
et al., 1987; Marshall and Anderson, 1995). Inferred variations
in relative uplift in the western part of the study area seem to
agree with the rupture segments of megathrust earthquakes;
i.e., basin Nos. 1e3 showing lower relative uplift are located
outside of the seismic gap within the area that ruptured in
1979, whereas the central part of the study area with higher
relative uplift is located in the gap. However, inferred high
relative uplift in the eastern part of the study area outside of
the gap (central and eastern parts of basin No. 9) shows that the
correlation between variations in relative tectonic uplift and
rupture segments of megathrust earthquakes in the western
part could be only coincidental. Moreover, we must remember
that the studied geomorphic indices reﬂect long-term defor-
mation and multiple earthquake cycles, whereas the segments
related to rupture areas are likely transient and short-lived
(Rehak et al., 2008).
(6) Variations in lithology (e.g., VanLaningham et al., 2006).
Inconsiderable changes in lithology, especially in the central
part of the study area, and their limited impacts on geomorphic
indices values (see Section 5.1.1) allowed us to exclude strong
impacts of variations in rock erodibility on the observed dif-
ferences in topography along the Guerrero sector of the MSZ.5.3.2. Forearc sectors of the MSZ
The Guerrero sector of the MSZ selected for this study differs
from other areas along the Mexican subduction zone. All of the
distinguished morphotectonic zones that ruptured, apart from the
Colima zone (Fig. 1a) that is actually a plate transition zone, show
clear evidence of coastal uplift, i.e., marine terraces and wave-cut
notches (Ramírez-Herrera and Urrutia-Fucugauchi, 1999; Ram-
írez-Herrera et al., 2011). The coastal area along the studied sector
of the MSZ, as noted above, is experiencing subsidence as corrob-
orated by paleoseismological and morphotectonic studies (Kennett
et al., 2004; Ramírez-Herrera et al., 2007, 2009), leveling
(Kostoglodov et al., 2001) and GPS measurements (Fig. 2b;
Vergnolle et al., 2010).
Contemporaneous earthquakes in the Michoacan (Mw ¼ 8.1,
1985) and Oaxaca (Mw ¼ 6.3, 1998) morphotectonic zones present
coseismic coastal uplift (Bodin and Klinger, 1986; Ramírez-Herrera
and Zamorano, 2002). Events occurring in 1932 (Mw ¼ 8.1 and 7.8)Please cite this article in press as: Gaidzik, K., Ramírez-Herrera, M.T., Geom
Mexican forearc, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.and 1995 (Mw ¼ 8.0) produced coastal subsidence along the
southern Jalisco and Colima coasts (Cumming, 1933; Melbourne
et al., 1997). For the studied MSZ sector, we do not have access to
data on coseismic coastal deformations. However, based on mea-
surements suggesting interseismic subsidence along the coast
(Kostoglodov et al., 2001; Vergnolle et al., 2010), uplift is the ex-
pected coseismic coastal deformation pattern.
6. Conclusions
We used ﬁeld data on the lithology and active faults features,
topographic swath proﬁles, longitudinal proﬁles of main rivers, and
geomorphic indices, i.e., the ratio of volume to area (RVA), the
stream-length gradient index (SL), and the normalized channel
steepness index (ksn) to identify differences in relative tectonic
deformation along the MSZ forearc in the Guerrero sector.
The results of the landscape analysis applied reveal signiﬁcant
differences in relief, topography and geomorphic indices values
along the studied forearc sector of the MSZ. We found that the
topography and observed values of applied geomorphic indices are
independent of climatic and lithological patterns, and thus they are
signals of relative changes in forearc tectonic uplift along the
Guerrero sector. Values of applied indices and lower relief for the
western basins suggest relatively low uplift patterns in this area.
High levels of relief and relatively high values of geomorphic
indices calculated for basins in the central and eastern parts of the
study area suggest the presence of relatively high tectonic uplift
patterns in these regions. Therefore, our results reveal variations in
relative tectonic uplift along the MSZ forearc within the Guerrero
sector.
The proposed methodology and results presented in this paper
could prove useful to scientists who study the geomorphology of
forearc regions and active subduction zones. This constitutes a ﬁrst
attempt to apply geomorphic indices to this speciﬁc area of the
Mexican subduction forearc. Similar approaches to those proposed
in this study could be applied to study other forearc regions of
active subduction zones. The utility of the normalized channel
steepness index, the stream length gradient index, the longitudinal
proﬁles and the knickpoints for studies on active tectonics in
forearc regions has been already proven. However, our results
suggest that applying other indices (e.g., minimum eroded volume)
in combination with those above noted can generate insights into
differential tectonic uplift patterns caused by subduction processes.
The current lack of data available on vertical deformation prevents
us from identifying physical processes that cause such differentia-
tion. This highlights the need for further studies to explain the
physical processes that cause the observed deformation differences
and to determine the rates of vertical deformation in the MSZ
forearc within the Guerrero sector.
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